To improve traffic congestion of urban intersections, this article presents a cooperative vehicle intersection control scheme without using any traffic lights, based on model predictive control theory. The assumptions are that all vehicles are fully automated and that a control unit is installed at the intersection to coordinate vehicle movements. Using connected vehicles technology, vehicles approaching the intersection from all directions are globally coordinated by integrating their states all together. The trajectories of vehicles are predicted and adjusted based on collision avoidance under relevant constraints and preferences. The control scheme prevents each pair of conflicting vehicles from approaching conflicting areas at the same time and minimizes the total collision risks of all pairs of conflicting vehicles. The simulation platform was developed to quantifiably evaluate the overall performance of the scheme. Simulation results show that the proposed scheme can significantly improve the mobility, safety, and environmental aspects of the intersection compared with conventional actuated controls. In addition, we also found that better performance can be achieved when the intersection is being operated under oversaturated conditions, and the market penetration rates of equipped vehicles exceed 30%.
Introduction
Mobility, environmental impacts, and safety are the major concern areas of transportation systems, especially at intersections. The intersection management has become difficult because the number of vehicles is increasing. Statistics show that about 40% of traffic accidents occur at intersections and 21.5% of traffic fatalities are intersection related. 1 In the traditional traffic control paradigm, intersections are regulated by yield-stop traffic lights or signs. The vehicles must stop if the right of ways are not obtained, even no other vehicles are present, which greatly restricts the traffic capacity of intersections and increases inconveniences of frequent stops and idling. In other words, traffic lights are not able to adapt to varying traffic conditions, resulting in heavy traffic congestions, crashes, fuel waste, and exhaust emissions.
The connected vehicles (CV) provide a two-way wireless communication environment, enabling vehicleto-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications. 2 Therefore, the intersections can be controlled cooperatively with vehicles and infrastructures. With a CV environment, vehicles could obtain adequate maneuvers from the controller to cross the intersection safely, and thus, traffic operations at intersections could be manipulated without using stop-andgo style traffic lights. Considering ever-increasing transportation demands, an innovative traffic control paradigm for intersection based on CV, which can smooth the traffic flows and improve the safety and efficiency of intersections, is highly expected.
Many previous studies have attempted to solve the safety and efficiency problems of intersections based on CV, but few studies have been found in the literature that investigated the impacts of various traffic conditions and market penetration rates, except for Lee and Park. 3 Some studies failed to consider the acceleration or deceleration behavior of vehicle, assuming that the vehicle speed is constant, for example, Yusuke et al. 4 In addition, some studies even could not guarantee collision avoidance between vehicles.
To deal with these mentioned issues, we present a model predictive control (MPC)-based cooperative control scheme for unsignalized intersections. The main goals of this article are to check the feasibility and the potential benefits of cooperative vehicle intersection control (CVIC) scheme and offer proper suggestions for infrastructure investments. The remainder of this article is organized as follows: section ''Related works'' briefly reviews related works. Section ''Methodology'' describes the formulation of a constrained nonlinear optimization problem in the MPC framework, including assumptions and constrains related to the intersection operation, and presents the coordination control strategy. Section ''Results and discussions'' describes the details about numerical simulation and discusses the simulation results. Finally, section ''Conclusion'' presents conclusions and recommendations for future work.
Related works
Considering the current publications in the cooperative control area, there have been several intersection-control-related studies. These studies were conducted to examine the potential benefits about traffic safety, mobility, and the environment. This section presents a summary of such research efforts to date.
Dresner and Stone 5 presented an autonomous intersection management system, consisting of an intersection agent and multiple vehicle agents. The intersection zone was divided into a number of grid cells, and the intersection agent gathered individual vehicles' driving information, coordinated all the reservation requests of temporal-spatial cell occupancies from vehicle agents, and provided right of ways to ensure a safe crossing. However, this method did not coordinate the vehicles globally, so the system may face a situation where it cannot operate optimally; Lee and Park 6 proposed a CV-based cooperative control algorithm for effective intersection operations. By minimizing the total trajectories overlaps of vehicle from all conflicting directions, the optimal maneuvers for vehicles were obtained. However, the system simply attempted to avoid the presence of any pair of conflicting vehicles in the intersection at the same time.
Nevertheless, the system did not consider any constraints for crossing collision avoidance, resulting sometimes in unfeasible solution conditions; Y Zheng et al. 7 developed a distributed cooperative control algorithm without using any other infrastructures, embedding wireless communication devices inside the vehicles. The algorithm minimized the total collision probability of conflicting vehicles approaching the intersection, and hence, safe maneuvers can be obtained. However, the feasibility of system architecture should be examined further before real implementation; SI Guler et al. 8 proposed an intersection control algorithm to reduce the traffic congestion. The algorithm utilizes the information from CV to improve traffic operations without requiring any additional infrastructures. The driving strategies can be obtained by optimizing the car departure sequences; Kamal et al. 9 proposed a vehicle intersection coordination scheme (VICS) to improve traffic operations. The VICS coordinates the movements of automated vehicles all together based on avoidance of collision risks. Specifically, the scheme prevents each pair of conflicting vehicles from approaching their crossing collision points at the same time. However, the VICS did not consider the impact of market penetration rates on the scheme.
Despite the contributions made by previous studies, a common limitation is the assumption of a 100% market penetration rate of equipped vehicles, except for Lee and Park. 3 In addition, few studies have explicitly examined the impact of different traffic-congested levels on the system. Several studies did not coordinate the vehicles globally, just simply avoided the presence of conflicting vehicles in the intersection at the same time, and hence, the designed system is easy to fall into unfeasible conditions. Moreover, most studies were performed with only a few vehicles, which are insufficient to reflect the real traffic conditions. Recently, a MPC approach was presented to optimally adjust vehicle speeds for freeway traffic. 10 By maneuvering vehicles, the traffic flow can be smoothed. The information from the CV environment can be efficiently addressed in the MPC framework. 11, 12 The dynamics of all vehicles are described using a set of difference equations. With the current vehicle states, we can forecast the future states of vehicle flows. The coordination scheme will track every vehicle and determine optimal control sequences of vehicles by solving previous difference equations.
To explicitly assess the safety impact of the CVIC scheme, this article employs the surrogate safety assessment model (SSAM) 13 to measure safety. In addition, the Virginia Tech microscopic (VT-micro) model 14 is used to evaluate the energy and environment impacts. Our main contributions can be summarized as follows:
(1) present a novel coordination control strategy for intersections removing the traffic lights, (2) perform a series of simulations under varying congested conditions and market penetration rates, and (3) proper suggestions for real implementation are provided.
Methodology
In this article, a typical urban intersection shown in Figure 1 was studied. The approaches to the intersection are clock labeled from 1 to 8, and arrow marked on lanes indicating the allowable driving direction. The vehicles keep to the right side according to the traffic rules in China. To formulate the proposed coordination control scheme, some variables and parameters are defined as follows: The CVIC scheme allows vehicles with conflicting movements to cross the unsignalized intersection at high speeds. The assumptions are that all vehicles are fully identical and automated, and the vehicles can perfectly follow lateral trajectories of preceding vehicles and generate sufficient lateral acceleration to safely navigate the turning curve.
The vector x = ½x 1 , x 2 , . . . , x N is defined as the current position of N vehicles on approaches 1 to 8 and vectors v and u denote the velocity and acceleration of the same set of vehicles, where x, v, u 2 R N , N is the total number of vehicles. For simplicity, lane changing is not allowed while driving, and only the longitudinal motion of the vehicle is studied. The discrete time state equations describing the longitudinal motion of vehicle i are given in equations (1) and (2) .
Constraints and preferences
Since the vehicles interact with each other under the CV environment while traveling, several constraints and preferences are required to ensure safety. These mainly include the following: (1) the maximum acceleration and deceleration rates, (2) the minimum headway, and (3) the minimum allowable distance.
Maximum acceleration and deceleration rates. In fact, u min and u max are not necessarily the same for all vehicles, but depend on the performance of vehicle model. However, for simplicity, constant magnitudes are considered as the limits for this article. The final form was derived after considering other constrains, where t 0 represents the initial time. Minimum headway. The minimum headway defines the minimum distance to the vehicle in front that must be available for the lane changing. The safety distance between two consecutive vehicles is constrained to avoid rear end collisions, and generally interpreted as either a spacing or a headway, and it is believed that the later would be more proper. The trajectory of the vehicle is a feasible function of time, and the trajectories of two consecutive vehicles i and i + 1 are denoted as x i (t) and x i + 1 (t), respectively. Note that the vehicle i + 1 is further to the intersection than vehicle i, and h À s is denoted by h, the minimum headway constraint is derived in equation (5).
q Minimum allowable distance. To ensure no collision occurs between a pair of vehicles with different crossing approaches, a nonlinear inequality constraint is defined in equation (6) . Satisfying this constraint means that the optimal solutions of CVIC scheme are found inside the safe areas. Thus, collision free between vehicles around the intersections can be guaranteed.
where d f i f j and d f j f i are the distances from the crossing collision point to the ends of lanes l i and l j , respectively. For the case shown in Figure 2 , the lane width is b,
. R min represents a constant value that denotes the minimum allowable gap between centers of two conflicting vehicles to avoid a potential collision.
Derivation of the performance index
The necessary condition for avoiding a collision of any pair of vehicles is to prevent them from approaching conflicting areas at the same time. Based on this idea, a risk indicator r i, j (t) is introduced to quantitatively describe the potential collision risk of conflicting vehicles, and it is computed using equation (7).
where d is a scaling parameter. It can be easily observed from equation (7) that r i, j (t) is a monotonic decreasing function satisfying r i, j (t) 2 (0, 1). To decrease computational complexity, a threshold value e was employed. If r i, j (t) ! e, it implies that a potential collision will occur, so the vehicle speeds must be adjusted. The conflicting relationship between phases can be represented by function g i, j (t): if there is a collision relationship, g i, j (t) = 1, otherwise, g i, j (t) = 0. The collision relationship is defined as occurring if the bounding boxes of vehicles overlapped at some point in time.
Only crossing conflict and rear end conflict are considered. Function f i, j (t) in equation (8) was proposed to describe the potential risks between two conflicting vehicles.
This article considers trajectories of vehicles with a constant acceleration between u min and u max . The trajectory of a vehicle can be identified by the tuple (u, v, x, u). With the real-time information, future trajectories of all vehicles can be predicted. Then, a new function F(t) describing the total collision risks is defined in equation (9) . The article defined a performance index J, which is calculated using equation (10) , and the goal is to minimize the performance index J over a finite time horizon ½0, T by determining a sequence of control inputs u 1 (t), u 2 (t), . . . , u N (t) subjected to the previous constraints.
Note that the integral interval of equation (9) is defined according to equations (3) and (4), and variables u down and u up are also defined to simplify the derivation process, where
and u up = min u max ,
. Figure 2 . Example of distance at the intersection.
where N is the total number of vehicles, and v d is the desired velocity, which has a significant influence on the traffic capacity of the intersection. w u and w v are the constant weights. It can be seen from equation (10) that there are three terms in performance index J. The first term is related to the total collision risks between vehicles. The second term represents the cost of accelerations, and the last term denotes the cost of deviation from vehicles' desired velocities. Minimizing the last two terms can ensure steady driving and smooth the vehicle flows.
The performance index J presented in equation (10) is considered a nonlinear constrained optimization problem, and we solved this problem using the modified shuffled frog leaping algorithm (SFLA) 15 and the continuation and generalized minimum residual (C/GMRES) method. 16 The two algorithms try to search for optimal solutions in parallel. Note that the C/GMRES method does not require iterative searches, and the study in Kamal et al. 17 showed that the computational time required to solve an optimization problem is not long.
Coordination control strategy
The coordination scheme takes advantage of the space and time of intersection by preventing conflicting vehicles from entering the intersection at the same time. To this end, the intersection control unit (ICU) was designed to gather vehicular information, estimate potential conflicts, and provide optimal maneuvers to vehicles through wireless communication using the standard communication protocol as defined in wireless access in vehicular environment/dedicated short range communication (DSRC). 2, 18 The priority and non-priority approaches are determined based on a comparison of the total number of vehicles. The assumption is that the vehicles on priority approaches need not change their states. Each vehicle broadcasts its driving information, including precise position and instantaneous velocity and acceleration rate to neighboring vehicles and infrastructures.
If the conflicts are expected, the ICU divides all vehicles into a series of conflicting pairs (CPs) based on the vehicles' states. If the vehicle has no conflicts with others, and it can maintain original speed to cross the intersection. Otherwise, the vehicles' trajectories are adjusted to avoid the crashes, and the vehicles pass through the intersection with adjusted acceleration/ deceleration rates. When the vehicles have crossed the intersection, they will transmit a message to ICU and will not participate in cooperative collision avoidance.
However, the optimization techniques cannot always guarantee the feasibility of optimal solutions. In case that no optimal solutions are obtained or the system fails, the ICU will enter emergency mode, disseminating the slow command to guide vehicles to slow down. The vehicles on priority approaches will pass through the intersection at original speeds, while vehicles on non-priority approaches have to brake hard and wait before the stop line. When no vehicles exist on the priority approaches, vehicles on non-priority approached speed up. Meanwhile, the ICU keeps checking new vehicles approaching the intersection. If new vehicles are present, the ICU will disseminate the stop command, and the vehicles will slow to a stop outside of the intersection zone, waiting for the next command. In addition, a maximum waiting time t max is introduced to avoid a situation in which the vehicles on non-priority approaches cannot obtain the right of ways for a long time. Once the waiting time reaches t max , the ICU will disseminate guidance information and release the traffic flow. Figure 3 illustrates the overall implementation logic of the CVIC scheme. Figure 4 describes the conflict scenarios between vehicles.
Results and discussions

Experimental setup
An isolated intersection was created by the VISSIM for experimental evaluations. The intersection has four approaches and each approach has two through lanes and a single left-turn lane. Taking into consideration the required computational time, 40 volume scenarios covering the volume to capacity ratios (v/c) ranging from 0.1 to 1.5 were designed. With a 3600-s simulation period, 40 replications were executed for each scenario using different random seeds, and thus, a total of 1600 simulations were conducted.
To compare the performances of the CVIC scheme, the coordinated actuated control system was used with same replication times and simulation period. The Synchro software was used to obtain the traffic signal timing plan. 19 Note that Synchro is a macroscopic and deterministic model for modeling and optimizing cycle times and splits. And we converted the v/s ratios to the corresponding v/c ratios for all scenarios with the optimal timing plans. The evaluation results of actuated controls produced the same measurements as used in the proposed scheme.
To evaluate the sustainability impacts covering mobility, safety, energy, and the environment, the simulation platform was developed, incorporating three distinct programs: (1) the microscopic traffic simulator VISSIM 4.3, 20 (2) SSAM software, and (3) optimization methods are implemented through MATLAB. Figure 5 illustrates the overall structure diagram of the simulation platform.
As Table 1 summarizes, the measures of effectiveness (MOEs) used in this study include three categories: mobility, safety, and sustainability. The mobility measures come directly from the VISSIM program, while the safety and sustainability measures must be evaluated using indirect methods. For the mobility aspects, the total stopped delay time, the total travel time, and the total throughputs were used. In assessing the safety aspects, the time to collision (TTC), the post encroachment time (PET), and the number of conflicts were used as safety surrogate measures. To estimate the benefits of sustainability, the trajectory data of vehicles were analyzed using the VT-micro model, which requires instantaneous velocity and acceleration/deceleration rate. For the purpose of this study, carbon dioxide (CO 2 ) emissions and fuel consumptions were computed.
Before implementing the scheme, it was necessary to determine the values of several parameters. For the experimental road network, the length of each link was set to 600m, and the assumption was that all the lanes When all the simulations were completed, the resulting trajectory data for the vehicles were fed into the SSAM software. If both the TTC and PET values of a pair of conflicting vehicles are found to be within threshold values, the SSAM program identifies it as a conflict event. This article selected 1.5 and 5 s for TTC and PET as the corresponding threshold values, respectively, based on previous studies. 21, 22 The vehicles are all equipped with wireless communication device inside, and the range of the wireless communication is within a 150-m radius. The IEEE 802.11p model 23 was used to simulate the physical and medium access control layers. Regarding the communication protocols, each vehicle broadcasted driving information at every 100 ms, and the ICU transmitted optimal maneuvers to vehicles at the same time interval as defined in SAE-J2735. 24 The dissemination of safety critical information is broadcasted periodically and becoming standardized in the form of cooperative awareness messages 25 and basic safety messages.
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Results
Performance comparison and analysis. This section examines the overall performances of scheme under 100% market penetration rates. Compared with the actuated control (AC) system, the proposed scheme significantly improved the mobility, safety, and environmental measures. All the data in the table below are statistically significant at a 5% confidence level.
Mobility analysis. The total stopped delay time was dramatically reduced between 80.6% and 100% depending on the traffic volume, and the total travel time and the total throughputs were also improved to different degrees. However, the AC system sometimes was superior to the CVIC scheme (e.g. the total throughputs in case 5). Taking into consideration that the scheme is designed to smooth traffic flows for a traffic-lightless intersection, such improvements verify the promising benefits of the scheme, as summarized in Table 2 .
Safety analysis. Table 3 shows that the TTC and PET of the scheme were all less than that of the AC system for each volume. Indeed, smaller TTC and PET indicate a more dangerous situation. The CVIC scheme appeared to decrease safety performance; however, the number of conflicts for each volume was significantly reduced. While the CVIC seemed to incur more dangerous situations, the frequency was reduced, resulting in safer conditions. This is likely because the scheme is designed to coordinate the movements of all vehicles to guarantee safety even if crossing the intersection at high speeds. Figure 6 illustrates the conflict comparison under two systems: the red and blue filled triangles represent the crossing conflict and rear end conflict, respectively. Note that lane changing conflict is not considered in this study. It can be seen from Figure 6 that the scheme can reduce the number of conflicts, especially the crossing conflict, and ensure a safe crossing.
Emissions and energy analysis. The results from Table 4 reveal that the scheme is able to effectively improve air quality and provide energy savings. One can expect percentages of reduction ranging from 13.5% to 58.6% for CO 2 emissions and 14.7% to 52.4% for fuel consumptions. Obviously, such benefits would result from smoothness in traffic flows by reducing unnecessary stops and idling. More specifically, the scheme ensured vehicles' steady driving while crossing the intersection.
Impact of traffic congestion conditions. Figure 7 shows the impacts of varying traffic congestion conditions on the performances. The CVIC outperformed the AC over all traffic conditions for the total stopped delay time, as shown in Figure 7 (a). However, the total travel time showed marginal improvements under uncongested conditions (e.g. the v/c ratio is less than 0.7). Similar results were obtained from the total throughputs. It is pointed out that the v/c ratio less than 1.0 indicates that the intersection has sufficient capacity to handle approaching vehicles. Figure 7 (b) illustrates that vehicles can maintain free-flow speeds although they have to stop before the intersection if the right of ways is not obtained under the AC system when a v/c ratio is 0.7 or less. On the contrary, vehicles are manipulated to cross the intersection at optimal speeds without waiting before the stop line in the CVIC. If the free-flow speeds are above the optimal speeds, the total travel time of the AC system is shorter than that of the CVIC. However, the scheme achieved better performances with the rapid increase in traffic volume, and then improvements of the total travel time significantly increased. The total throughputs were similar to the case of the total travel time, but its boundary v/c ratio was 0.8, as shown in Figure 7 (c). 7(d) shows that the proposed scheme can greatly reduce the number of conflicts, especially when the v/c ratio is approximately 0.8-1.1, but the reduction was insignificant under uncongested conditions. Regarding the assessment of safety, addressing the severity of crashes based on their type falls outside the purview of this article. Moreover, the scheme also contributed to improving exhaust emissions and fuel consumption, as illustrated in Figure 7 (e) and (f), respectively. One can conclude that the proposed scheme can more efficiently utilize the intersection areas under oversaturated conditions, compared with the conventional AC system, when removing the traffic lights. Impact of market penetration rates. The full automation of the vehicles will be a long time coming, and thus, it might not be realistic to assume that all the vehicles are fully automated, even in the distant future. Normal vehicles and equipped vehicles will inevitably exist at the same time in road networks. Obviously, the performance of the proposed scheme is affected by the ratios of equipped vehicles. To look into the relationship between the two, the entire market penetration rates were uniformly divided into five levels: 10%, 30%, 50%, 70%, 90%, and 100%. Figure 8 illustrates the impacts of varying market penetration rates. Figure 8 . Improvement under varying market penetration rates: (a) 10% market penetration rates, (b) 30% market penetration rates, (c) 50% market penetration rates, (d) 70% market penetration rates, (e) 90% market penetration rates, and (f) 100% market penetration rates. DEL, TRA, THR, CON, CO 2 and FUE denote the total stopped delay time, total travel time, total throughputs, number of conflicts, CO 2 emissions, and fuel consumptions, respectively.
Generally speaking, more improvements could be expected by applying the proposed scheme. With a 100% market penetration rates, at least 30% of the total travel time could be achieved. Regarding the sustainability, CO 2 emissions and fuel consumption showed promising benefits over the entire market penetration rates, even under low penetration rates (e.g. 10%). However, the reduction in the total amount of CO 2 emissions and fuel consumption grew smaller as the market penetration rates increased. This is likely because the vehicle speeds were adjusted to smooth traffic flow. For the safety, the number of conflicts fell at all the market penetration rates, and the system improvements generally showed a rising trend.
Therefore, it can be concluded as follows. First, the system's benefits would begin to be obtained when the market penetration rates of equipped vehicles exceeded 30%. Second, a 100% market penetration rate does not guarantee the most benefits.
Discussion
Based on the simulation results, we can draw a conclusion that the CVIC scheme is beneficial in terms of reducing traffic congestions, improving road efficiency, and alleviating environmental problems around intersections. Results may seem sufficient, but we believe they are largely due to the assumptions made: (1) all the vehicles are fully automated, (2) a coordination control unit is installed at the intersection, manipulating the movements of all vehicles, and (3) communication performance is perfect without considering any transmission latencies, signal fading, and so on. Future studies should examine the feasibility of relevant assumptions and preferences.
Many researchers have studied the distributed architectures; these systems were not robust enough when the number of vehicles increases beyond the road capacity. However, such architectures are worth further exploration due to the potentials in the development of automation technology. With respect to the wireless communication, perfect communication conditions are nearly impossible to achieve in reality. Hence, it is essential to establish an additional module to explicitly consider imperfect communications. However, this article mainly focused on the design of a coordination control strategy; its objective was not to develop new communication protocols. The protocols on V2V and V2I communications should be validated and determined before deploying the scheme.
For safety reasons, driving backward is not permitted at any time. Lane changing while crossing the intersection was also not considered, but the scheme can be extended to coordinate lane changing from a far distance by integrating more vehicles. This article did not examine the impacts of the parameter values either, which should depend on the performance of the vehicles, control strategies (e.g. a concern for safety or efficiency), and so on. For simplicity, the parameter values were specified in this article, such as the maximum acceleration and deceleration rates. These values should be acceptable based on the previous studies conducted by Dresner and Stone 5 and Lee and Park. 6 For the AC system, the greatest contributions to environmental impacts resulted from over acceleration/ deceleration and idling. The mentioned actions could be alleviated if there were less need for stopping. This is the reason why cooperative control scheme greatly outperformed the AC system. The number of vehicles left stopped and idling in the AC environment is likely a result of the traffic signals being restricted to the optimized timing plan. The improvements this scheme made are also apparent in the environmental impacts from the reduced emissions.
Conclusion
This article presented a CVIC scheme using MPC and examined the mobility, safety, energy, and environment aspects of the scheme under the CV environment. Based on a simulation-based study at an isolated intersection, automated vehicles were globally coordinated to cross the intersection safely and quickly. The control inputs of vehicles were optimized by minimizing the total collision risks of all pairs of conflicting vehicles. Simulation results have shown that the proposed scheme is effective in smoothing traffic flow compared to conventional actuated controls. Given 100% market penetration rates, the control algorithm significantly improved the performances of the intersection, and 30% market penetration rates is the break-even point. Therefore, the performances would be improved at 30% or higher. In addition, the results also indicated that better performances could be achieved when the intersection is being operated under oversaturated conditions. However, several challenges still need to be addressed. First, future researches should test the coordination scheme in more complicated and realistic traffic scenarios. Second, the article evaluated the performances just for an isolated intersection, and thus, the scheme must be extended to include more intersections along the road network. Third, more realistic V2V/V2I communication protocols based on DSRC and SAE J273 protocols should be developed and implemented.
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